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ABSTRACT: We report on a novel synthetic route to synthesize relatively large quantities of
polystyrene (PS) star polymers with targeted arm functionality and molar mass and their
rheological properties in the molten state. The synthetic route involves grafting styrene monomers
onto a modified (aliphatic, alternating) polyketone backbone with a specific number of initiating
grafting sites using controlled atom transfer radical polymerization (ATRP). Several polyketone
precursors were used. This resulted in a large array of star polystyrenes with nonspherical cores and
varying average arm length and number of arms. Their linear viscoelasticity was investigated and
discussed in the context of the known response of anionically synthesized stars. Using a powerful
characterization toolbox, including state-of-the-art interaction chromatography, rheometry, and tube
modeling via the branch-on-branch (BoB) algorithm, we have assessed the viscoelasticity of these
star polymers quantitatively. In particular, we have demonstrated a variability in molecular structure,
which differs substantially from their anionically synthesized counterparts. Hence, whereas this new
family of star polymers is not recommended for fundamental studies of polymer physics such as the
molecular origin of relaxation mechanisms without prior extensive fractionation, they could be used
in studies of mixtures as well as industrially relevant processing operations that require large amounts of polymeric stars.

1. INTRODUCTION

Flexible polymers with a symmetric star architecture, that is, a
(small) number of arms with an identical molecular weight
connected to a common core, are the simplest type of branched
polymers, as they possess only one single branch point.1,2 Star
polymers are technologically important, as they can act, for
example, as viscosity modifiers in the rubber industry.3 The
relaxation behavior of “ideal, low-functionality” stars is well
understood due to the clever synergy between high-vacuum
anionic synthesis that yields small amounts of very well-defined,
nearly monodisperse polymers,1,2 physical experiments such as
rheology and dielectric spectroscopy to probe their dynamics,4,5

and tube-based modeling to understand the molecular origin of
their relaxation.6,7 The history of the investigations of the
dynamics of star polymers is rich, and detailed overviews can be
found in the scientific literature7,8 and in common text-
books.9−11 In a nutshell, star polymers relax their stress via a
combination of contour-length fluctuations12 and thermal
constraint release (i.e., dynamic dilution),13 as strongly opposed
to the situation for linear polymers that relax stress mainly via
reptation, as described by the “standard” tube model of Doi and
Edwards.14 In star polymers, reptation is suppressed due to the
presence of the branch point, and consequently, their relaxation

is strongly dependent on the molecular weight of the arms
(exponential dependence) and independent of the number of
arms (or functionality) as long as the functionality is low (Narms
< 30).4−18 At higher functionalities, the cores cannot be
neglected anymore and the stars become effectively spherical
polymer brushes comprising both features of polymer chains
and soft colloids.15−18 In the dynamics, this coincides with the
occurrence of long-time relaxation modes due to the slow
center-of-mass motion, as their neighbors essentially cage them
due to excluded volume. The dynamics of low-star polymers
can be described well with contemporary tube models such as
the branch-on-branch (BoB) model19,20 or the time-marching
algorithm,21 which are developed to be applicable for a large
variety of structures such as H-polymers, combs, and Cayley
trees.
A further advance in the field has been the synthesis of

relatively large quantities of polymers with a controlled
architecture in a somewhat more easy way as compared to
high-vacuum anionic synthesis. This has been achieved with
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atom transfer radical polymerization (ATRP)22,23 and reversible
addition−fragmentation chain transfer (RAFT) polymeriza-
tion,24 opening the route to technological applications with
relatively well-defined complex polymers. However, while high-
vacuum anionic synthesis can yield complex polymers with
polydispersity indices (PDI = Mw/Mn, with the subscripts w
and n referring to weight- and number-averaged molecular
weights, respectively) far lower than 1.1, the alternative
controlled synthesis methods generally yield significantly higher
PDIs (≥1.125). On top of this, the use of widely available
initiators (e.g., carbon−halogen bonds in ATRP) as well as the
experimental conditions (e.g., the use of nontoxic solvents such
as water) constitute desirable features of the polymerization
process in view of industrial applicability, while at the same
time “threatening” the living and controlled character of the
polymerization. In particular, the use of industrially applicable
materials (e.g., as backbone in comb polymers) represents a
relevant challenge from a synthetic point of view since it
logically entails the presence of impurities during the
polymerization as well as the use of a polydisperse backbone
in the case of comb polymers. Nevertheless, these develop-
ments on the synthetic front have attracted new interest in star
polymers.23,26,27 From the point of view of their dynamics,
there are now new issues appearing on the forefront concerning
the possible effects of the larger architectural dispersity or an
increased core size and an elongated core on the stress
relaxation.27,28 Effects of larger, mildly cross-linked cores on the
viscoelasticity have been shown to be drastic and not easily
understandable based on tube-model ideas.28,29 Furthermore,
one can wonder about the possible effects of van der Waals
interactions between cores due to the use of different chemicals
in the synthesis on the dynamics. And finally, the interesting
question arises whether these additional complexities can still
be understood and accommodated in the classical tube-based
picture.
In this work, we make an attempt to look into mainly the first

of these important points concerning the effects of architectural
dispersity. We have adapted a new synthetic route, previously
reported for the synthesis of comb-like polyacrylamides and
derivatives thereof,30,31 to prepare an array of different PS star
polymers. To this end, we investigated the rheological behavior
in the molten state of this new type of irregular PS stars. The
novelty of the polymers resides in the use of a modified
industrial polyketone as a macroinitiator for ATRP. The
obtained materials display a systematic variation in the number
and length of the arms, thus, paving the way toward the study
of a reliable structure−property relationship. The rheology of
this new type of polymer that is effectively irregular stars, that
is, without a spherically symmetric core,29 is compared to that
of well-defined star polymers.

2. MATERIALS AND METHODS
2.1. Chemicals and Purification. Alternating polyketones with 30

mol % ethylene content (PK30, Mn = 2800 g/mol) were synthesized
according to a reported procedure.32,33 Styrene (Sigma-Aldrich,
99.9%) was purified by vacuum distillation over calcium hydride at
room temperature. Copper(I) bromide (Sigma-Aldrich, CuBr, 98%)
was purchased from Sigma-Aldrich and purified by stirring in glacial
acetic acid and subsequently washing with fresh glacial acetic acid,
ethanol, and diethyl ether (in that order). Afterward, the catalysts were
dried overnight at reduced pressure and room temperature and stored
at −18 °C until further use. All solvents were reagent grade and used
without further purification. N,N,N′,N′-Tetramethyl-ethylenediamine
(TMEDA, Sigma-Aldrich, > 99.5%), 3-chloropropylamine hydro-

bromide (3-CPH, Fluka, 98%), sodium hydroxide (NaOH, Sigma-
Aldrich, 97%), methanol (MeOH, Sigma-Aldrich, 99.8%), and
tetrahydrofuran (THF, Acros, 99%) were used as received.

2.2. Synthesis of Polyketone Macroinitiator. The Paal−Knorr
reactions of halogenated primary amines with perfectly alternating
aliphatic polyketones were performed according to a published
method (Scheme 1).32,33 The reactions were performed in a sealed

250 mL round-bottom glass reactor equipped with a reflux condenser,
a dropping funnel and a U-type anchor impeller. In order to establish
the reaction stoichiometry, the amount of dicarbonyl groups in the
polyketone was derived from the statistical presence of CO/propene
and CO/ethene units. A total of 25.00 g (8.94 mmol polymer, 190.0
mmol reactive carbonyl groups) of PK30 was heated to a liquid state at
100 °C and stirred vigorously until a homogeneous liquid was formed.
A suspension of 3-CPH (5.00 g, 38.03 mmol, 0.20 equiv ) in methanol
(45 mL), neutralized with an equimolar amount of NaOH, was added
dropwise over 20 min. The stirring speed was at a constant value of
500 rpm, and the reaction mixture was refluxed for 3 h. Afterward, the
methanol was evaporated by removing the condenser. The product
was dissolved in chloroform (900 mL) and washed twice with Milli-Q
water (twice 1100 mL) in a separation funnel. The solvent was
removed at room temperature and reduced pressure. The product was
freeze-dried for 3 days. The resulting product (28.53 g, yield = 93.2%;
a brown viscous paste for low degrees of functionalization and a brown
powder for high degrees of functionalization) was characterized by
elemental analysis and 1H NMR and stored at −18 °C until further
use.

The carbonyl conversion and the number of pyrrole units per
polyketone were determined using elemental analysis with a Euro EA
elemental analyzer (Table 1). Given the quantitative conversion of the
amine compound in this reaction, the relative amount of branches per
modified polyketone molecule can be tuned accordingly by shifting the
reaction stoichiometry. The carbonyl conversion of the polyketone
(XCO) was determined from the weight percentages of nitrogen (N)
and carbon (C) in the unmodified (x) and modified (y) monomer
units using eq 1.
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with n x
C the average number of carbons in the original monomer

(Scheme 1), which is (0.3 · 3) + (0.7 · 4) = 3.7, n y
C the average

number of carbons in the modified monomers, which is (0.3 · 0.3 · 9)
+ (0.7 · 0.7 · 11) + (2 · 0.3 · 0.7 · 10) = 10.4, and molN/C the molecular
weights of nitrogen and carbon, respectively.

Scheme 1. Paal−Knorr Synthesis of the Polyketone
Macroinitiators and ATRP of the PS Arms
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A maximum of 21 arms can be grafted on a polyketone with an
average of 42 monomer units. The carbonyl conversion can be used to
calculate the average number of pyrrole units per polyketone (Narms)
using eq 2.
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with Mn,PK30 the molecular weight of the parent (unmodified)
polyketone (2800 g/mol) and M2y the molecular weight of two
repeating units in the virgin polyketone (131.6 g/mol).
2.3. ATRP of Polystyrene Stars. The polyketone macroinitiator

(PK30-ClX) and CuBr catalyst were dissolved in freshly distilled
styrene (92 °C, 81mbar) under a nitrogen atmosphere and heated to
100 °C. TMEDA was injected, the reaction was stirred for 24 h, and
polystyrene arms were grafted from the PK30-ClX initiator. Afterward,
the flask was opened to air and 500 mL of THF was added to
terminate the reaction. Aluminum oxide was added to the reaction
mixture, and the suspension was filtered to remove the copper.
Subsequently, the polymer was precipitated in methanol and dried in
an oven at 60 °C until constant weight. The dried polymer was ground
into a fine powder. Detailed reaction conditions are summarized in
Table 1. The 8a-57k star in this table was synthesized at the University
of Athens by high-vacuum anionic synthesis.
2.4. NMR Characterization. 1H NMR spectra were recorded

using a Varian Mercury Plus 400 MHz spectrometer with CDCl3 as a
solvent.
2.5. Calorimetry. Differential scanning calorimetry (DSC)

measurements were performed to obtain the glass transition
temperatures (Tg). DSC was performed on a PerkinElmer differential
scanning calorimeter Pyris 1 under a nitrogen atmosphere. Typically,
around 10 mg of sample was loaded in a 70 μL α-Al2O3 crucible, and
the temperature was increased from 90 to 300 °C at 10 °C/min.
2.6. Dynamic Light Scattering. Dynamic light scattering (DLS)

measurements were performed on an ALV-5000 goniometer, a laser
from Oxxius with λ = 532 nm at reduced output power P = 65 mW. All
experiments were performed at T = 293 K.35,36

2.7. Standard Chromatographic Characterization. Gas
chromatography (GC) measurements were performed on a Hewlett-
Packard 5890 series II plus GC with an Elite-Wax ETR column. The
molecular weights and polydispersity indices were measured by Gel
Permeation Chromatography (GPC) using THF as eluent (toluene as

internal standard for relative comparisons). The measurements were
performed on a Spectra-Physics Analytical Spectra SYSTEM AS1000,
coupled to a Spectra-Physics Analytical Spectra SYSTEM P1000 and a
Shodex RI-Z1.

2.8. Advanced Chromatographic Analysis to Assess the
Branching Structure. Branching analysis of a polymer sample was
carried out by size exclusion chromatography (SEC) coupled with
multiangle light scattering detection. Two polypore columns (Agilent,
300 × 7.5 mm i.d.) were used with a mobile phase of THF (Samchun,
HPLC grade) at a flow rate of 0.7 mL/min. Injection sample solutions
(∼1 mg/mL) were prepared in THF, and the injection volume was
100 μL. A set of narrowly dispersed linear PS samples, of which peak
molecular weight, Mp = 137, 143, 204, 362, 756, and 1320 kg/mol, as
determined by SEC-LS analysis, was used as linear PS standard to
compare the radius of gyration of the polymer sample.

For the TGIC analysis, a C18 bonded silica column (Nucleosil C18,
250 × 4.6 mm, 1000 Å pore, 7 μm particle size) was used. The mobile
phase was a mixture of CH2Cl2 and CH3CN (Samchun, HPLC grade,
57/43 in volume) at a flow rate of 0.5 mL/min. The injection sample
was prepared by dissolving the polymer in the mobile phase (3.0 mg/
mL) and injected through an injector equipped with a 100 μm sample
loop. The chromatograms of SEC and TGIC were recorded with a UV
absorption detector (Younglin, UV7300), a LS detector (Wyatt,
TREOS), and a triple detector (Malvern, Viscotek TDA 302,
consisting of LS, RI, and VIS detectors) for online determination of
the radius of gyration and absolute MW of the polymers.

2.9. Rheometry. The different polymer powders were press-
molded into 0.6 mm thick discs with a diameter of 8 mm prior to
performing the rheological characterization. The viscoelasticity of the
samples was probed by performing dynamic oscillatory measurements
using a strain-controlled Advanced Rheometric Expansion System
(ARES) rheometer equipped with a force-rebalanced transducer
(2KFRTN1, TA, U.S.A.). A plate−plate geometry of Invar (a
copper−iron alloy with low thermal expansion) with a diameter of 8
mm was used as flow geometry. The temperature was controlled to
within 0.1 °C using a forced convection oven, and nitrogen was used
to reduce the risk of polymer degradation at elevated temperatures (up
to 190 °C). The disc-shaped samples were positioned in between the
plates at an intermediate temperature and, after a waiting time to allow
the sample to reach equilibrium, dynamic low-amplitude oscillatory
time sweeps were performed to check the stability of the sample. The
linear regime was identified using dynamic oscillatory strain sweeps,

Table 1. Conditions and Characteristics of the Polystyrene Starsa

sample coding Narms
b (−) Mn,arm

c (kg/mol) Mn,star
d (kg/mol) PDIstar (−) [Sty]0/[I]0/[Cat]0/[Lig]0

4a-85k 4.1 ± 2.3 85 ± 25 350 ± 300 1.56 8.980:1:2:2
4a-265k 4.1 ± 2.3 265 ± 85 1084 ± 940 1.66 18.851:1:4:2
8a-62k 8.0 ± 4.4 62 ± 20 502 ± 430 1.40 4.998:1:2:2
8a-118k 8.0 ± 4.4 118 ± 35 952 ± 820 1.73 10.078:1:2:3
8a-192k 8.0 ± 4.4 192 ± 60 1547 ± 1340 1.65 20.014:1:2:3
12a-33k 11.9 ± 6.6 33 ± 10 396 ± 340 1.53 9.842:1:2:3
12a-62k 11.9 ± 6.6 62 ± 20 741 ± 640 1.59 18.539:1:4:3
12a-203k 11.9 ± 6.6 203 ± 65 2418 ± 2100 2.15 29.634:1:4:3
8a-57ke 8 57 456 1.08

aThe sample coding directly reflects the molecular architecture, with the first number reflecting the average number of arms and the second number
referring to the number-averaged molecular weight of an arm (Mn,arm; e.g., polymer 4a-85k is a 4-arm star with aMn,arm of 85 kg/mol). Narms indicates
the number of arms of the star and [X]0 indicates the initial concentration of X, with X being either the monomer (Sty), initiator (I), catalyst (Cat),
or ligand (Lig). bThe corresponding error on the number of arms was determined from error propagation on the error in the size of the polyketone
precursor (standard deviation determined from a Gaussian fit (R2 = 0.91) on the single gpc peak) and the error in EA results (dXCO).

cMn,arm is
independent of the number of arms and was therefore determined by GC (monomer conversion) and confirmed by gravimetry, assuming monomer
insertion for all halogens (according to 1H NMR, the number of arms must be in agreement with the theoretical value, see section 3.1). The standard
deviations depicted are derived from measurements on the ATRP of linear PS, assuming a PDI of 1.125 and using σ = Mn,arm((Mw,arm)/(Mn,arm) −
1)1/2.34 dMn,star are calculated as Mn,star · Narms and confirmed by GPC (universal calibration and triple detection). The corresponding error was
determined from error propagation on the error in the number of arms (dNarms), the size of the arms (dMn,arm), and the size of the corresponding
polyketone precursor (dMPKClX

GPC ). The majority of the dispersity in Mn,star can be attributed to the dispersity in the number of arms. The PDI is
determined from GPC and corresponds to PDI values obtained by error propagation (1.75 ± 0.25). eAnionic star polymer; Mn and Mn,star of this
sample were determined by Membrane Osmometry at 35 °C.
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and finally, dynamic low-amplitude oscillatory frequency sweep
measurements were performed in the range from 0.01 up to 100
rad/s to probe the viscoelasticity of the samples. Then, the
temperature was changed and, after taking into account the thermal
expansion of the plates by making appropriate changes in gap spacing,
the procedure was repeated at the new temperature. Sample
degradation was checked by repeating linear viscoelastic measurements
at intermediate temperatures to ensure that the moduli remained
unchanged over the course of the experiments. In this fashion, the
storage (G′) and loss (G″) moduli of the samples were measured as a
function of angular frequency (ω) between 120 and 190 °C. Finally,
master curves were constructed using the RSI Orchestrator software
by shifting the frequency sweeps obtained at different temperatures to
the chosen reference temperature of 170 °C, following the well-known
time−temperature superposition principle.37 First, the data was shifted
vertically, with the vertical shift factors bT coming from the
temperature−density compensation method, bT = ((ρ(Tref) × (Tref
+ 273.2))/ρ(T) × (T + 273.2)), with T the temperature in °C and ρ
the density. The temperature dependence of the density ρ (in g/cm3)
of PS was obtained from Zoller and Walsh37 as ρ(T) = 1.2503−6.05 ×
10−4 × (273.2 + T). Subsequently, the data was shifted horizontally
following a least-squares minimization method to minimize the
difference between the data sets and create the master curve.

3. RESULTS AND DISCUSSION
3.1. Results from the Synthesis: 1H NMR Character-

ization and Elemental Analysis. The formation of the
pyrrole units trough the Paal−Knorr reaction can be
demonstrated by comparing the 1H NMR spectra of the
modified polyketones with each other and with that of the
virgin compounds at the same concentration (Figure 1).32,33

Resonance signals corresponding to the protons in the pyrrole
rings and to the protons on the first, third, and second carbon
of the alkyl arm attached to the nitrogen atom, respectively,
were observed at δ 5.68, 3.86, 3.51, and 1.95 ppm. These
resonance peaks, corresponding to the formed pyrrole rings,

appear and increase as a function of the amount of reacted
amine. Furthermore, the singlet peak at δ = 3.6 ppm,
corresponding to the protons in the methyl substituent, shifts
to a broader multiplet as part of the R-substituents become
attached to the pyrrole ring. Finally, the broad multiplet ranging
from 2.2 to 3.0 ppm, corresponding to the protons in the virgin
polyketone backbone, further away and closer to the carbonyl
functionality respectively, decreases visibly as more pyrrole
rings are formed. So, the integrals of the peaks corresponding
to the protons associated with the pyrrole groups increase with
the calculated carbonyl conversions, while the peaks corre-
sponding to the unreacted monomers decrease proportionally.
The characteristics of the prepared homologous series of

polymer initiators are shown in Table 2. The 1H NMR results
are in good agreement with the results from the elemental
analysis (both show that the pyrrole ring formation
corresponds roughly to the theoretical value for all three
macroinitiators). The structure of the resulting macroinitiators
is relatively well-defined and they display rather low
polydispersity indices (PDI) according to GPC. Since Narms
can be derived from eq 2, the corresponding error (dNarms) can
be derived from eq 3. A Gaussian was used to fit the GPC curve
of the virgin PK30 to determine the average molecular weight
(Mn,PK30

GPC ) and standard deviation (dMn,PK30
GPC ). A similar differ-

entiation of eq 1 over the nitrogen and carbon content resulted
in the corresponding error in the carbonyl conversion (dXCO),
which appeared to be insignificantly small compared to the
contribution of distribution in the length of the polyketones.

= · + ·N
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To determine whether the PS chains grow on each halogen
atom of the macroinitiator, a 1H NMR spectrum was recorded
directly after the reaction with a low monomer to macro-
initiator ratio of 150:1. Only a few monomer units should,
therefore, be present on the polyketone backbone. The
spectrum of the most sterically hindered polymeric material
(PK30-Cl12-g-PS) is compared with that of the corresponding
macroinitiator in Figure 1 (PK30, virgin). When taking as
reference the peak at 3.87 ppm, corresponding to the protons
closest to the pyrrole unit (b in Figure 1), a nearly quantitative
shift of the peak at 3.51 ppm (corresponding to the protons
closest to the chloride groups, d in Figure 1) toward 4.71 ppm
is observed, confirming the fact that all halogens are reactive
toward styrene monomer insertion, at least within the
experimental detection limit of 1H NMR. Similar results have
been obtained previously for comb-like polyacrylamides.30

Hence, following the outlined synthetic approach, we can
systematically prepare star-like polymers with a controlled
number of branches. The branch length can be controlled by
changing the monomer to initiator ratio. Furthermore, no side
products appeared to be present, as only a single GPC product

Figure 1. 1H NMR spectra of the modified polyketones compared
with the virgin polyketone sample at the same concentration.

Table 2. Properties of the Macroinitiators (Modified Polyketones) for Graft-on Synthesis of PS

polyketone sample (PK30-Cla) elemental composition (C/H/N, wt %) XCO
b (%) Narms

c Mn,PK30
GPC (kg/mol) PDI Tg (°C)

PK30 (virgin) 67.0:8.4:0 0 2.8 ± 1.4 1.2 −15.0
PK30-Cl4 58.6:7.1:1.6 18.9 ± 0.01 4.0 ± 2.3 3.2 ± 1.7 1.3 −22.9
PK30-Cl8 64.0:7.9:3.3 37.2 ± 0.02 8.0 ± 4.4 3.5 ± 1.8 1.3 3.79
PK30-Cl12 62.9:7.6:4.9 61.1 ± 0.03 11.9 ± 6.6 3.9 ± 2.1 1.3 40.3

aNumber indicates the ethylene content (%). bThe conversion of the carbonyl groups of the polyketone. cAverage number of pyrrole units per chain.
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peak was observed. The structure of the prepared polymers
consists of a small polyketone backbone of 42 repeating units,
upon which 4, 8, 12, or more arms have been grafted. The
lengths of each of these grafted arms alone consist of 350 to
2000 repeating styrene units. The mass of the arms of each star
is then determined from the conversion and the total number
of initiating sites (regardless of the amount of PK initiator).
Since Mn,star = Mn,arm × Narms + MPKClX

GPC , the corresponding error
should be determined from dMn,star = Mn,arm × dNarms + Narms ×
dMn,arm + dMPKClX

GPC . The distribution in the total molecular
weight of the stars appears to arise mostly from the distribution
in the number of arms (Mn,arm × dNarms). The use of a relatively
polydisperse precursor (PK30) therefore results in a relative
uncertainty over the number of arms and the average molecular
weight of the resulting PS stars (Figure 2). This does not

dramatically affect the differences in the number of arms
between the different stars (Narms values of the different
macroinitiators are, from a statistical point of view, significantly
different), but clearly indicates that these PS stars are not
perfectly monodisperse. This might entail relevant deviation in
the rheological behavior with respect to anionic polymers (see
below). Given the flexibility of these long arms and their space

requirements, the shape of these polymers would look more
like a star in which the arms do not start from one single point,
but from a cluster of points very close to each other. We call
this type of structure an irregular star. Note, however, that if the
chains were very short, then the macromolecular structure
would resemble that of a bottlebrush.38

3.2. Branching Analysis of 8a-62k. One of the star
samples (8a-62k) was examined in more detail with respect to
its molecular architecture. We first tried to separate the polymer
by temperature gradient interaction chromatography (TGIC).
TGIC is known to separate polymers according to their
molecular weight while SEC separates them according to the
hydrodynamic size.39 Further, TGIC shows much higher
resolution than SEC and TGIC is much more powerful in
resolving the chain structure of branched polymers prepared by
anionic polymerization.40 Figure 3 shows a TGIC chromato-

gram recorded by a UV detector. It shows a featureless and
broad single peak, while a regular star polymer with a uniform
arm length should have shown multiple peaks representing the
distribution of the number of arms.41,42 Therefore, the broad
TGIC chromatogram evidences the broad distribution of the
number of arms, and we need a different method to scrutinize
the branching structure of the star-shaped polymer.
Regrettably, there is no good method to measure both

distributions in arm length and in number of arms
independently. Perhaps one of the best methods available
would be to compare the chain size with the regular star of the
same Mw since this star PS was prepared aiming for a uniform
regular star. This is a classical branching analysis method based
on the concept of chain contraction upon branching, first
proposed by Zimm and Stockmayer.43 We have shown recently
that it works quite well for regular stars,44 for which the weight-
average ratio of the square of its radius of gyration to the
respective of its linear counterpart is given by eq 4.

=
−

g
N

N
3 2

rw
arms

arms
2

(4)

Figure 2. Distribution in the number of initiating sites for ATRP on
the different polyketone macroinitiators with average Narms of 4
(black), 8 (red), and 12 (blue) (a) and the weight distributions of the
arms over these macroinitiators (b). Integrals of these weight
distributions of the arms yield Mn,star.

Figure 3. TGIC chromatograms of the sample 8a-62k and a linear PS
standard 1320k recorded by a UV absorption detector (low Mw are
located at short tE). TGIC conditions: A C18 column (Nucleosil C18,
250 × 4.6 mm, 1000 Å, 7 μm). Eluent: CH2Cl2/CH3CN mixture (57/
43, v/v). Flow rate: 0.5 mL/min. Column temperature program is
shown in the plot.
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Figure 4 shows SEC chromatograms of 8a-62k recorded by
RI and LS detectors. Mw can be determined by combining RI

(concentration) and LS (scattering intensity) signals, and the
radius of gyration (Rg) can be determined from the angular
dependency of the LS signal. By plotting Rg against Mw, we can
get an idea of the molecular structure of 8a-62k.
Figure 5 shows such a plot together with plots of linear PS as

well as regular PS stars of 3 or 8 arms. Interestingly enough, the
data points of 8a-62k fall between the linear ( f = 2) and 3 arm
stars, that is, far apart from the regular 8-arm star line. This
clearly indicates that the (average) structure of 8a-62k is not
similar to a regular 8-arm star but rather close to a linear
polymer. In fact, there should be a distribution of stars with
different functionalities, with an average between 2 and 3. This
is the extreme case presented here and suggests polydispersity
in molecular structure. The presence of various “tails” (larger
and lower functionalities and/or molar masses of arms) can
lead to cancellation effect so that the sample indeed behaves as
2−3-arm star. Such cancellation was discussed in detail in the
context of comb architectures where interaction chromatog-
raphy was coupled to rheology.45

3.3. Linear Viscoelasticity. Horizontal aT and vertical bT
shift factors used to construct the master curves are shown as a
function of temperature T in Figure 6 at a reference

temperature (Tref) of 170 °C. The horizontal shift factors aT
were fitted with the WLF equation47 log(aT) = ((−C1(T −
Tref))/(C2 + T − Tref)), and as can be seen, the horizontal shift
factors for all the different samples follow the same curve well.
The resulting values for the two parameters of the WLF
equation, C1 and C2, were found to be 5.6 and 120 °C,
respectively, in agreement with the literature.47,48 Note that
data of both the irregular PS star polymers synthesized here,
and other linear and star PS polymers synthesized by high-
vacuum anionic synthesis are contained in Figure 6. The fact
that the shift factors of our new samples matches with those of
the star samples obtained by high-vacuum anionic synthesis
suggests that the polyketone core of the new polymers has no
pronounced effects on the dynamics. This is in agreement with

Figure 4. SEC analysis result of the 8a-62k star by multiangle light
scattering detection. Normalized signal intensities from light scattering
(red), refractive index (black) detectors are plotted together. The
green line represents the logarithm of the molecular weight (calcd
absolute Mw from light scattering and dn/dc = 0.185) in (a) and Rg in
(b).

Figure 5. Radius of gyration as a function of molecular weight. The
experimental Rg values for linear PS (black solid pheres) together with
a linear fitting (black solid line) are shown together with the
experimental Rg value of sample 8a-62k (red open spheres). The
dotted lines are the theoretical Rg values of regular star-shaped
polymers with 3 arms (blue) and 8 arms (purple).

Figure 6. Horizontal aT and vertical bT shift factors as a function of
temperature T for the different polymers at a reference temperature of
170 °C. Dashed line is the fit of the horizontal shift factors with the
WLF equation. The full line represents the calculated vertical shift
factors. The fitting resulted in C1 = 5.6 and C2 = 120 °C.46
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our earlier work on poly(butyl acrylate) stars with slightly
elongated cores of different chemistry.29 Also, the glass
transition temperatures of the different irregular stars, as
measured with the DSC, were found to be (roughly) identical
for the different samples (Tg = 107 ± 5 °C) and in agreement
with the expected Tg for linear, high molecular weight PS
(>50000 g/mol) of 100 °C.47 The slight, arguable difference,
on the border of our experimental accuracy, might be a tiny
effect related to the rigid polyketone backbone, but never-
theless, the glass transition dynamics is clearly not strongly
affected by the polyketone part.
In the literature,47,49,50 we can find a value of 0.2 MPa for the

plateau modulus GN
0 of molten polystyrene, corresponding to a

molecular weight between entanglements Me of 14 kg/mol
when we follow the relation GN

0 = (4/5)(ρRT/Me), including
the 4/5 prefactor51 as used in the definition of the BoB
model.19 The rheological measurements on the irregular PS
stars lead to an average value of (0.15 ± 0.02) MPa for the
plateau modulus when estimated from the values of the elastic
moduli at the minima of tan(δ) = G″/G′,52 hence, slightly
lower than the well-known value from the literature. The slight
difference can probably be attributed to experimental errors.
The low-frequency, terminal relaxation regimes with G′ ∼ ω2

and G″ ∼ ω were not reached for most samples mainly due to
the relatively large dispersities of the samples. For G″, the slope
of 1 was roughly reached in most cases, but not the slope of 2
for G′, which is well-known to be more sensitive to
polydispersity.10,11

The master curves for G′ and G″ as a function of ω for a
number of different irregular PS stars are shown in Figure 7 at a
reference temperature of 170 °C. The data for the 4a-85k and
the 8a-62k stars are compared in Figure 7a. It is immediately
apparent that the stars do not follow the expectations based on
the literature on regular stars, as the star with the lower
molecular weight of the arms relaxes slower than the star with
the higher molecular weight of the arms, while the
polydispersities are comparable. This is in gross disagreement
with the well-known tube-model theories. Also, the comparison
in Figure 7b between the data of the 4a-265k, the 8a-192k, and
the 12a-203k shows irregularities. The three different stars with
large differences between the molecular weights of the arms
display (roughly) identical relaxation behavior. Also, this
observation is in strong disagreement with the literature on
regular star polymers.
In Figure 8, a comparison is shown between the data of star

8a-62k previously shown in Figure 6a and its well-characterized,
anionically synthesized counterpart 8a-57k. To a first
approximation, given the large differences in dispersity, we do
not expect identical behavior. Nevertheless, the comparison in
Figure 8 shows that 8a-62k relaxes with an average time of
about two decades longer than the anionic one. This finding
cannot be rationalized simply by a larger polydispersity and a
slightly larger molecular weight of the arms.
The previous comparisons in Figures 7 and 8 and the

accompanying discussions show that the rheological behavior of
the irregular stars is not at all as expected based on the
literature on regular stars. This is not entirely surprising if one
makes allowances for the relative error on the number of arms
and their average length for these polymers (vide supra). To
gain further insight, we attempted to model the data with the
well-established branch-on-branch (BoB) hierarchical relaxation
model of Das et al.19 and Read et al.20 The BoB model requires
input concerning the molecular structure, the type of chemistry,

and the temperature. A value of 1 was chosen for the dynamic
dilution exponent α as commonly used in the BoB model,
complying with earlier works with star polymers,19,53 the
molecular weight of the monomer M0 is 104 g/mol for PS, the
temperature is 170 °C (or 443.2 K), the density of PS is 981
kg/m3 at this temperature,37 the number of monomers between
entanglements Ne was fixed at 135 (or a molecular weight
between entanglements Me of 14 kg/mol, in agreement with
the literature on PS, as discussed before) and, finally, the
relaxation time of an entanglement τe was chosen to be 0.0005
s, in agreement with the value for τe used by Kapnistos et al.48

Figure 7. Master curves for the elastic (G′, open circles) and loss (G″,
closed dots) moduli as a function of angular frequency ω for five of the
different irregular PS stars at 170 °C. The data for the 4a-85k in red
are compared to the data of the 8a-62k star in black in (a) and the data
for the 4a-265k in gray, the 8a-192k in green, and the 12a-203k in blue
are compared in (b).

Figure 8. Master curves for the elastic (G′, open circles) and loss (G″,
closed dots) moduli as a function of angular frequency ω at 170 °C for
the irregular 8a-62k star in black and an 8-arm anionic star with
number-averaged molecular weight of the arms of 57k in red.
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for the tube-based modeling of PS combs. The calculations
were performed on 10000 polymers (due to the relatively large
polydispersity, a relatively large number of polymers was
necessary). Additionally, to the previous specifications relating
to the chemistry and temperature, we need to specify the
molecular structure which encompasses the weight-averaged
molecular weight of an arm, the number of arms (but the
results are independent of the number of arms), the
polydispersity index, and the type of molecular weight
distribution. We used the values from Table 1, converting the
number-averaged molecular weight of an arm into the weight-
averaged molecular weight by multiplying it with the PDI and
choose a log-normal molecular weight distribution, assuming a
PDI of 1.1 for the arms, as derived from measurements on
ATRP of linear PS and confirmed by literature (Table 3).25

First, we show that, with these parameters, the BoB model is
able to yield satisfactory predictions for the viscoelasticity of the
nearly monodisperse regular 8-arm PS star for which the data
was shown before in Figure 8, and for a linear, nearly
monodisperse PS sample with a weight-averaged molecular
weight of 182.1 kg/mol and a PDI of 1.03, bought from
Polymer Laboratories (data taken from ref 54 and shifted to
170 °C using the accompanying shift factors). The comparison
between the model predictions and the experimental master
curves for these two polymers is shown in Figure 9a. One can
see that the predictions (black lines) are satisfactory, although
not perfect. One can especially note that the plateau moduli are
slightly underestimated. This is a known issue with tube-based
models and has been discussed before.19,55 Figure 9b and c
show the experimental data on a subset of the irregular PS stars
as Figure 7a and b, respectively. Here, a comparison is shown of
the experimental data (symbols) with the model predictions
(black lines) with the parameters as discussed before. As one
can see in Figure 9b, the predictions and the experimental data
essentially overlap for the 4a-85k, while for the 8a-62k, there is
a rather large difference between the model and the
experimental data, with the model relaxing more or less 10×
faster. Figure 9c shows that, for the three higher molecular
weight irregular stars, the experimental data are in all three
cases several decades faster than the expectations from the
predictions. In Figure 9d, the experimental data of the three
different stars is modeled artificially, using a weight-averaged
molecular weight of the arm of 155 kg/mol and a PDI of 1.1. As

Table 3. Weight Averaged Molar Mass of the Arm (or the
Linear for the First Row) and Polydispersity Index of the
Arm (or the Linear for the First Row) Used in the BoB
Model (Figure 9)

Mw (kg/mol) PDI (−)

linear PS 182.1 1.03
anionic PS star 61.6 1.08
4a-85k 94 1.1
8a-62k 68 1.1
4a-265k 292 1.1
8a-192k 211 1.1
12a-203k 223 1.1

Figure 9. Comparison between the predictions of the BoB model (black lines) and the experimental master curves (symbols). (a) Comparison for
the regular nearly monodisperse star sample from Figure 5 (red symbols) and a linear, nearly monodisperse PS of 182.1 kg/mol (blue symbols, data
from ref 54). (b) Comparison for the two irregular stars 4a-85k in red and 8a-62k star in black (as in Figure 4a). (c) Comparison for the irregular
stars 4a-265k in gray, the 8a-192k in green, and the 12a-203k in blue (as in Figure 4b). (d) Comparison between the experimental data from Figure
8c and a model prediction with artificial parameters (155 kg/mol for the weight-averaged molecular weight of the arm and a PDI of 1.1). For clarity,
in (a), (b), and (c), the data is shifted vertically with factors of 10 and 100.
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one can see, with these artificial parameters, the data of the
three stars is described well.
From the above analysis it can be concluded that, although

the present stars are not as well-defined in terms of molecular
structure as the model stars synthesized anionically, they seem
to relax by the same molecular mechanisms, that is, contour
length fluctuations and thermal constraint release (see, e.g.,
Figure 9d). Hence, via the combination of rheometry,
modeling, and interaction chromatography, we can demon-
strate the star-like character of these new polymers, but at the
same time, the analysis suggests a more complicated
polydispersity than simply implied by the actual numbers in
Tables 1 and 2, as the variation in molecular structure is
presumably large.

4. CONCLUDING REMARKS
A novel method to design polystyrene, star-shaped polymers
with a targeted functionality and arm length and produce them
in large amount was presented. The synthesis involved grafting
styrene monomers onto a modified polyketone backbone with
a specific number of initiating sites. A homologous series of
polymers was synthesized to show the effect of systematic
variations in the number of arms and the arm length on the
rheology. Theoretical models and corresponding experimental
measurements on PS stars show that increasing the arm length
of branched polymer melts has the largest influence on their
viscoelastic properties.
A powerful characterization approach involving a synergy of

state-of-the-art interaction chromatography, rheometry, and
tube modeling, as well as comparison with well-defined
anionically synthesized star polymers, confirmed the star nature
of the new polymers. At the same time, it showed the presence
of substantial polydispersity in molecular structure (variation in
both number of arms and molar mass of the arms). Hence, the
present stars should not be considered as candidates for
investigating mechanistic details of viscoelastic relaxation, such
as constraint release or testing different molecular constitutive
models. Nevertheless, these readily obtained samples are very
useful in processing investigations and in studies of mixtures.
Their dispersity resembles that observed in industrial samples
and in addition they can be available in fairly large amounts. In
this respect, there was no evidence of an influence of the
polyketone core on the viscoelastic properties of these stars.
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